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1 INTRODUCTION

The increased use of small gas turbines and turbochargers in different technical fields has led
to the development of highly-loaded centrifugal compressors with extremely thin blades. Due
to the high rotational speed and the corresponding centrifugal load, the shape of the impeller
hub must also be optimized. This has led to a reduction of the thickness of the impeller disc in
the outlet region. The thin parts of the impeller are very sensitive and may be damaged by the
excitation of dangerous blade vibrations.

Experimental investigations by means of holographic interferometry and telemetry were
carried out for two different impeller types; one with radial-ending blades and the other with
backswept blades. The results presented in Part I of the paper are able to explain the
dominance of coupling effects between the blades and the disc in the middle and higher
frequency range of the two tested impellers. Especially excitations caused by downstream
sources such as vaned diffusers can endanger the blades and the impeller.

The finite element (FE) code computations presented in Part IT of the paper to investigate
the coupled vibration behavior of the whole impeller were found to be in close agreement with
the experimental results.
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concentrations,

considerable effort has been

Compressors find wide application in many
branches of technology. They serve for compressing
and transporting diverse gases and gas mixtures and
convert mechanical energy into pressure energy.
In the further development of centrifugal com-
pressor impellers to achieve ever-increasing power

*This paper was originally presented at ISROMAC-7.

directed towards the construction of small compact
units with high pressure stage ratios and large mass
flow rates. As this objective may only be realized
with increased peripheral speed, it is not only
necessary to employ improved and also more
expensive impeller materials but also to reduce the
blade thicknesses as well as the wall thicknesses of
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the impeller disc in order to ensure that the loads
due to centrifugal forces remain within permissible
limits. At the same time, however, there is an
increasing risk of dangerous excitation vibrations
of these very thin and flexible blades. As confirmed
by operational practice, the failure of highly-loaded
impellers is in many cases due to blade breakage
resulting from dynamic overloading of the blade
material. This leads to plant shutdown and costly
outage times. The blade vibrations of these impel-
lers during operation are thus gaining increasing
importance with regard to design strength criteria.

Generally speaking, the lower mode shapes and
especially the fundamental mode of vibration are
considered to be the most dangerous. A resonant
excitation in this range should also be avoided at all
costs! The excitation of higher frequency modes,
however, also poses a considerable risk potential.
Experimental investigations by Haupt and Rauten-
berg (1982a) have shown, for example, that vaned
diffusers downstream of the impeller give rise to
upstream excited vibrations of the whole impeller
in the higher frequency range, representing a vibra-
tion state which is far more dangerous than most
other causes of excitation. Excitation of the rela-
tively flexible outer region of the impeller disc there-
by results in excitation of the blades at one of their
higher natural frequencies, leading to vibrations
with significant amplitudes. This results in material
stress peaks in the impeller inlet region approaching
the limits of the maximum permissible load.

Experimental investigations by Haupt and
coworkers (1982b,c; 1985) have shown that in the
case of highly-loaded centrifugal compressor impel-
lers with small blade thicknesses and thin flexible
impeller discs in the outlet region, coupled vibration
behavior occurs which cannot be fully described
in terms of its complexity and danger risk from a
mere consideration of individual blades.

The aim of the present investigations was there-
fore to model the complex coupled vibration
behavior of the investigated impellers using the
finite element method and to verify the com-
putational results on the basis of experimental
measurements obtained by means of holographic

interferometry. Further details of the finite element
computations are given in Part II of the paper.

2 INVESTIGATED IMPELLERS

Two centrifugal compressor impellers were investi-
gated, namely, a 90°-impeller with radial-ending
blades and a 60°-impeller with backswept blades.
At the meridional section, both impellers have the
same profile. This means that the hub profile as well
as the casing profile are identical for both impellers.
The external diameter of the impellers is 400 mm
with an outlet width of 26.1 mm. The inlet diameter
is 280 mm while the hub diameter is 90 mm. The
impeller axis extends over a distance of 130 mm.

The 90°-Impeller

The investigated impeller with radial-ending blades
is shown in Fig. 1. The impeller outlet angle is 90°,
and of the 28 blades, every second blade is cut back
to reduce blockage at the inlet. The skeleton area of
the blades is generated by radial rays oriented at
right angles to the axis of rotation. The variation of
the blade thickness from root to tip was specified
by considering the static loading due to centrifugal
forces as well as low aerodynamic blockage.

FIGURE 1
blades.

The 90°-centrifugal compressor impeller with 28
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The 90°-impeller was manufactured from a
model by the profile milling method. Great care
was necessary in milling the leading edge of the
blade in order to avoid errors due to bending of the
very thin blades as a result of milling cutting forces.

The 60°-Impeller

The 60°-impeller shown in Fig. 2 has backswept
blades, i.e. the outlet angle is inclined at 60° relative
to the negative circumferential direction. The aero-
dynamic advantages of impellers with backswept
blades are reflected in improved efficiency and an
expansion of the performance map compared
with radial-ending blades. As arched blades are no
longer able to lie on radial rays at the outlet, as in
the case of a 90°-impeller, bending stresses may be
expected in this case due to centrifugal forces, thus
imposing a limit on operating speeds.

This impeller has 20 blades, of which every
second blade is also cut back at the inlet in order
to ensure low blockage. The high static loading
experienced by backswept blades due to the
bending stresses induced by centrifugal forces
necessitates an adaptation of the blade thickness
variation from root to tip, especially in the outlet

FIGURE 2 The 60°-centrifugal compressor impeller with 20
blades.

region. Compared with the thickness variation of
the 90°-blade, this blade is only slightly thicker.

In contrast to the impeller with radial-ending
blades, the 60°-impeller was manufactured on a
S-axis controlled CNC milling machine by the flank
milling method. The use of this method was made
possible by the mathematical configuration of the
blade surfaces as ruled surfaces. In this type of
design the pressure and suction sides of the blades
are generated from ruled lines, the end points of
which are traced along the spatial curves of the
hub profile and outer profile in compliance with
aerodynamic specifications. The ruled surfaces
thus generated by the migration of the ruled lines
may be milled with the aid of 5-axis CNC tech-
nology. Although the geometry of the milling head
gives rise to unavoidable errors due to the hyper-
bolic undercut, these may be minimized by applying
a correction to the milling cutter guide (Hasemann
et al., 1995).

3 THE TELEMETRY SYSTEM

In order to detect the blade vibration signals during
operation, it was essential to deploy vibration
sensors in the proximity of the rotating impeller
and to transmit the signals in a suitable manner.
According to Haupt (1984), conventional mea-
suring techniques cannot be applied under the
restrictive framework conditions of this type of
investigation. It was therefore decided to employ a
telemetry system with 8 transmission channels. Full
details of the installation are reported by Haupt
et al. (1984). The system operates over a frequency
range up to /= 10,000 Hz and permits the contact-
less transmission of 8 instationary vibration signals
from the rotating impeller, as illustrated by the
investigations of Haupt and coworkers (1978;
1982).

The latter experimental investigations also
demonstrate that a satisfactory determination of
the complex vibration behavior of these impellers
is only possible by employing a multi-channel
system with simultaneous measurements of several
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vibration signals at different points on the struc-
ture. Semiconductor strain gages, which are
capable of detecting local strains with high accu-
racy, were therefore applied to different blades
and at different positions on these blades. As each
mode shape is marked by characteristic and locally
restricted regions with large strains, whereas other
regions are virtually strain-free, and also due to
coupled vibration effects resulting from mutual
interactions between the blades, the points of
application of the strain gages were carefully
selected to achieve the largest possible detection
coverage.

Figure 3 shows a longitudinal section of the
impeller shaft, indicating the installations for
recording and transmitting the blade vibration
signals. The strains are recorded by the strain gages
applied to the blades and are transmitted via the
telemetry transmitter with its co-rotating antenna
to the stationary receiver. Power is supplied
inductively via a stationary primary coil and a
rotating secondary coil. The secondary coil also
serves as a transmitting antenna whereas the

A: hub nose

B: 8-channel telemetry
transmitter

C: cable carrier

D: tension screw

G: primary coil

E: adapter with plug connection
F: secondary coil

H: inductive power supply switch

primary coil serves as a receiving antenna for the
recording unit, which operates as a frequency
multiplex system.

4 HOLOGRAPHIC INTERFEROMETRY

In order to determine its natural vibration behavior
the impeller was investigated at rest with the aid
of holographic interferometry. By means of holo-
graphic interferometry it is possible to determine
the mode shapes of a vibrating body. In contrast to
the strain gage technique, this method provides
information over the entire surface of the body
under investigation, from which the amplitude
distribution may be determined. This is especially
advantageous in the case of the complex geome-
trical structures under investigation, as it is possible
to identify a mode shape relatively quickly.
Among others, the time-average technique was
adopted in the holographic investigations. Figure 4
shows the experimental set-up for the optical study
of the impeller. The coherent monochromatic light

KL

shifted90 deg j

D E FGHI J

I: trigger unit

J: coil holder

K: receiver antenna

L: inductive power supply

FIGURE 3 Impeller shaft with integrated telemetry transmitter for transmitting the blade vibration signals.
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from the argon laser illuminates the vibrating
compressor impeller excited by a shaker via the
mirrors Spl and Sp2 as well as the beam splitter ST,
the divergence optics AO2 and the mirror Sp3.
In the beam splitter ST, part of the coherent laser
light is reflected out as a so-called reference beam.
The reference beam R arrives at the free-standing
hologram plate H as a plane wave without phase
shift via the divergence optics AO1 and the mirror
Sp4. The object beam is also reflected back to the
hologram plate H from the compressor impeller.
Interference occurs in the fine-grained photo-
graphic layer of the hologram plate between the
plane, non-deformed wave front A of the reference
wave and the diffuse, reflected, deformed wave
front D from the vibrating impeller. This inter-
ference in the fine-grained layer of the hologram
plate leads to zones of maximum illumination and
mutual extinction.

The time-average method is very suitable for the
investigations carried out in the present study as
the extreme positions of the vibrating structure are
stored in the hologram whereas the intermediate
positions are not registered due to the short dwell
times intrinsic to the sinusoidal vibration. When the
maximum vibration amplitudes lie in the range of
0.2—15 pm, interference occurs once again between
the two wave fronts of the extreme positions with
simultaneous reconstruction. These interference
lines represent lines of equal amplitude on the
compressor impeller, i.e. deformation contours.
The white areas represent nodal zones with zero
amplitude.

Spt Sp2

v shutter

Sp  mirror

beam splitter
aperturc ST
AO divergence optics

gray filter

diffuse reflected beams
object beam

reference beam D
hologram plate
magnetic exciter

rRO1 L
FoR L \Sp4

w
T3

Sp3 0 M

zmxoT ™

Laser

FIGURE 4 Experimental set-up for the optical investigation
of the impeller by means of holographic interferometry.

A qualitative evaluation may therefore be easily
carried out as the interference lines provide an exact
picture of the vibration behavior. As the amplitudes
also depend on the excitation intensity, which is
neither accounted for in the FE method (see Part IT)
nor in the time-average method, it is only possible
to compare computations and measurements in
qualitative terms.

In order to experimentally investigate coupled
vibration behavior, the impeller with its shaft was
assembled on a small test stand and excited by a
sinusoidal generator via a shaker. Figure 5 shows
the test set-up. The shaker consists of an electro-
dynamic excitation unit which introduces sinu-
soidal forces into the outer part of the impeller
disc via a reciprocating rod directly between two
blades. With the aid of a sinusoidal generator which
controls the shaker via an amplifier, it was possible
to vary the frequency from 0 to 7000 Hz. As only
two channels were available, one strain gage was
mounted on a normal blade and the other on the
inside of the impeller disc in the outlet region
between two blades. The splitter blade was not
included in the tests. The signals from the strain
gages were analyzed with the aid of a frequency
analyzer, thereby enabling the coupled natural
frequencies to be determined.

FIGURE 5 Small test stand for investigating the vibration
behavior of radial impellers at rest. Excitation by means of a
shaker.
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5 EXPERIMENTAL RESULTS

Measured Frequencies

A comparison between the measurements and the
FE computations is given in Figs. 6 and 7, whereby
Fig. 6 shows the strain gage measurements on a
blade while Fig. 7 shows the measurements on the
impeller disc. A in each figure indicates the results
of the FE computations for the half-impeller with
blade thickness variation whereas B indicates the
measurements.

A difference between the measurements and
computations is immediately apparent. Whereas

H. HASEMANN et al.

the experiments yielded both the coupled natural
frequencies as well as the corresponding ampli-
tudes, the computations were unable to provide any
information concerning the amplitudes as these are
highly dependent on the excitation forces. In the
case of measurements, the amplifier voltage of the
shaker was held constant over the entire frequency
range. Bearing in mind that the strain gage on the
normal blade is unable to detect vibrations of the
splitter blade, relatively good agreement is obtained
between the computed and measured coupled nat-
ural frequencies. Large phase shifts are apparent in
Fig. 6 only for the coupled natural frequency ranges
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FIGURE 6 Coupled vibration frequencies of the 28-bladed 90°-impeller. Comparison between the FE computational results (A)
for the part model with 14 blades and measurements (B) for the impeller at rest with a strain gage on the normal blade.
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FIGURE 7 Coupled vibration frequencies of the 28-bladed 90°-impeller. Comparison between the FE computational results (A)
for the part model with 14 blades and measurements (B) for the impeller at rest with a strain gage on the impeller disc.
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FIGURE 8 Blade vibrations of the 28-bladed 90°-impeller depicted in the Campbell diagram. Results of measurements with a
strain gage on the normal blade as well as computed coupled vibration natural frequencies corresponding to the normal blades.

3, 7 and 10. The 8th natural frequency is not
registered by the measurements.

The representation in Fig. 7 also indicates larger
phase shifts at the natural frequencies 3 and 7
whereas the remaining normal blade natural fre-
quency bands as well as several splitter blade natural
frequency bands are satisfactorily reproduced. The
fundamental frequency as well as the 6th natural
frequency of the normal blade is not detected by this
strain gage which is located on the impeller disc. Itis
noticeable in the case of this measurement that the
middle and higher coupled natural frequencies in
particular are well reproduced whereas a better
reproduction of the lower frequencies is given by
the strain gage on the normal blade.

In addition to the tests with the impeller at rest,
extensive blade vibration measurements were also
carried out on the rotating impeller. In this case the
signals from the semiconductor strain gages applied
to the blades and the disc were transmitted from
the rotating impeller to a fixed receiver by means of
the above-described 8-channel telemetry unit and
recorded on magnetic tape. The vibration signals
were subsequently analyzed with the aid of a
frequency analyzer.

Figure 8 shows the results of the analysis of the
vibration signal for a normal blade during a test run
presented in a Campbell diagram. The vibration
loading with varying frequency is plotted in the
figure as a function of the rotor speed. This
illustrates the frequency-dependent material load-
ing of the normal blade at the position of the
applied strain gage for the overall speed range
relevant to the operation of the compressor. As the
strain gage only measures the material loading at a
single location (in this case the stress maximum of
the first mode shape), precise information con-
cerning the loading of the remaining blade regions
cannot be deduced from this figure.

Moreover, the Campbell diagram presented is
only valid for one throttle position. For a different
throttle position, i.e. in the part-load region, other
excitation forces occur in part which give rise
to a different amplitude distribution. Besides the
measured results, the computed coupled vibration
natural frequencies of the 90°-radial impeller model
with 14 blades are also plotted in the diagram.
These are based on the FE results with thickness
variation. For the purpose of clarity only the
frequency bands corresponding to the normal
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FIGURE 9 Blade vibrations of the 28-bladed 90°-impeller depicted in the Campbell diagram. Results of measurements with a
strain gage on the impeller disc as well as computed coupled vibartion natural frequencies corresponding to the normal blades.

blades were considered. These are represented as
horizontal lines or shaded areas in the figures.
Whereas good agreement was obtained between
measurements and computations in the case of the
first two natural frequencies, a large deviation was
observed in the case of the third natural frequency.
The same result was also apparent in the measure-
ments with the impeller at rest. The small ampli-
tudes measured in the case of the natural frequency
bands 4, 5, 6 and 7 do not permit an exact
comparison. As far as is recognizable the 5th, 6th
and 7th natural frequencies are reproduced well
by the computations whereas the 4th natural fre-
quency is shifted downwards slightly. The most
striking feature is the high material loading mea-
sured in the range of 5400—5800 Hz at a speed of
18,000 rpm.

The Campbell diagram presented in Fig. 9 shows
the measured and computed results for a strain
gage applied to the impeller disc in the outlet region
between two blades. As already noted in the case
of the stationary measurements, the lower four
natural frequencies of the normal blade are not
registered by this strain gage whereas the middle
and higher natural frequencies, whose mode shapes

indicate increased vibration intensity at the impeller
outlet, are well registered. In overall terms, the two
Campbell diagrams together provide a relatively
comprehensive overview of the actual vibration
behavior of the impeller.

Measured Mode Shapes

The computed mode shapes for the half-impeller
model with 14 blades were taken as a basis for
comparison with the holographic mode shapes. The
holographic interferogram illustrated in Fig. 10 was
recorded at 790 Hz and shows the 28-bladed 90°-
impeller, whose 14 normal blades vibrate in their
fundamental mode shape.

The interference fringe pattern indicates that the
largest amplitudes occur at the blade tips at the
impeller inlet. The blades with the more dense line
pattern vibrate at a larger amplitude than the blades
with wide interference lines. The outlet region and
the impeller disc do not contribute towards the
vibration mode shape. Computations for the
coupled system, as shown in Fig. 11, indicate
normal blade vibrations in the fundamental mode
shape. As the blades partly overlap, the plot of the
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FIGURE 10 Holographic interferogram of the 90°-impeller
with 28 blades at a frequency of 790 Hz.

half-impeller is very unclear. For this reason, only
the leading edges of the blades are plotted in the
lower part of the figure. This representation clearly
shows that the normal blades vibrate in pairs in the
opposite sense in their fundamental mode shape
whereas the splitter blades remain at rest. It is also
found that the computed mode shapes for indivi-
dual blades exhibit different vibration amplitudes.

Of special interest are the mode shapes of the
impeller with a significant contribution from the
outer portion of the impeller disc, i.e. for modes
with high coupling between blades and disc. Such
a mode shape is illustrated by the interferograms
shown in Fig. 12, which depict the impeller from the
front and back sides at a frequency of about
3620 Hz. Apart from the blade vibrations strong
vibrations are also evident in the outlet region
between the blades, although not every interblade
region is affected.

Regarding the aforementioned measurements on
the running impeller (see Campbell diagram in
Fig. 8), large vibration amplitudes of the 9th and
10th normal blade mode shapes were registered at
5400 and 5700 Hz. Both vibration modes were
excited by coupling action of the 19-blade diffuser
in the outlet region and exhibit high stresses at the
position of the applied strain gages at about half the
blade height at the inlet.

The hologram shown in Fig. 13, which was
recorded at 5400 Hz, reveals large vibrations of the

FIGURE 11 Computed 1st mode shape of the part structure
of the 90°-radial impeller with 14 blades at 780 Hz.

inlet region. Antinodes are also apparent along the
outer region of the impeller disc between the blades,
although the amplitudes of the latter are very small.

The computed mode shape at 5235 Hz is shown
in Fig. 14. The leading edge of the blade exhibits
the same vibration mode as the hologram and the
blades also vibrate with very different amplitudes.
An absence of vibration was apparent in the case
of several blades. A view of the impeller disc also
reveals large amplitude differences in the vibrations
between the blades.

The interferograms recorded at 5680 Hz are
shown in Fig. 15. In this frequency range the
Campbell diagram also reveals large material
loading at the inlet due to vibration excitation via
the diffuser vanes. The recordings also indicate
large vibrations at the inlet. The vibration pattern in
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FIGURE 12 Holographic interferogram of the 90°-impeller
with 28 blades. Recording at 3620 Hz from the front (above)
and the back (below).

this region is extremely complex. The vibration
amplitudes again vary from blade-to-blade and the
vibration modes of the individual blades are non-
uniform. This is reflected in different mode line
curves. Some blades vibrate in the 9th mode shape
whereas others vibrate in the 10th mode shape.

FIGURE 13 Holographic interferogram of the 90°-impeller
with 28 blades. Recording at 5400 Hz from the front (above)
and the back (below).

Antinodes observed on the impeller disc are partly
restricted to the interblade region and also partly
overlap.

The computed mode shape at 5749 Hz presented
in Fig. 16 also reveals large vibration amplitudes
of the blades at the inlet region as well as antinodes
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FIGURE 14 Computed 86th mode shape of the part struc-
ture of the 90°-radial impeller with 14 blades at 5235 Hz.

on the impeller disc which extend over several
interblade regions. The vibration behavior in the
blade inlet region is highly complex and is again
characterized by different amplitudes. For the two
normal blades on the left-hand boundary, which
exhibit only slight vibrations at the inlet, the unique
specification of a mode shape is not possible. The
remaining normal blades, however, vibrate in their
10th mode shape.

At these high mode shapes the FE structure
attains the limits of its accuracy. In principle, a finer
discretization of the blade computational mesh
as well as the impeller disc structure would be
necessary to obtain more exact results. This cannot
always be realized, however, due to limited com-
puting capacity and cost considerations.

FIGURE 15 Holographic interferogram of the 90°-impeller
with 28 blades. Recording at 5680 Hz from the front (above)
and the back (below).

6 CONCLUSIONS

The experimental investigations, involving the use
of applied strain gages and data telemetry as well
as holographic interferometry, have made it pos-
sible to determine coupled natural frequencies and
coupled mode shapes over a wide frequency range,
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FIGURE 16 Computed 93rd mode shape of the part struc-
ture of the 90°-radial impeller with 14 blades at 5749 Hz.

thereby providing fundamental knowledge con-
cerning the extremely complex vibration behavior
of radial impeller structures in practice.

On the basis of the experimental results, it was
possible to validate the applicability of the FE
method to problems of this nature. Despite the
reduction of the impeller model to one half and the
somewhat coarse discretization of the models for
investigating higher mode shapes, the FE compu-
tations for the 90°-impeller were found to agree
closely with the experimental results with regard to
frequencies as well as mode shapes in most cases.
As dangerous coupled blade vibrations are more
predominant in the middle and higher frequency
ranges, finer discretization of the models should

be aimed at within the framework of increased
computer capacities in order to arrive at more exact
prognoses of the particular parts of the impeller
structure at risk. Despite this shortcoming, the
FE model of the half-impeller used in the present
investigation was still capable of yielding relatively
good results.
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